A PPROXIMATELY 1 MILLION cardiac surgery procedures are performed every year worldwide. 1 In the United States alone about 200,000 coronary artery bypass procedures are performed annually.
2 Morbidity and mortality 3 frequently are caused by insufficient cardioprotection from ischemia/ reperfusion injury. Cardioplegia and optimization of hemodynamics traditionally are used to minimize complications. 4, 5 Recent findings suggest that volatile anesthetics provide a cardioprotective effect with pharmacologic mechanisms of action that are only partially related to the anesthetic effects on the myocardial oxygen balance. 6 The molecular mechanisms for the implementation of the cardioprotective effect of halogenated anesthetics are similar to those that contribute to ischemic preconditioning. By analogy, this effect has been named as "pharmacologic preconditioning by volatile anesthetics" or "anesthetic preconditioning". 7 Numerous studies have attempted to clarify the clinical efficacy of anesthetic preconditioning, [8] [9] [10] and this approach has been associated with a decreased level of myocardial damage markers 11, 12 and improvement of the hemodynamic parameters 11, 13, 14 in different types of cardiac surgery, especially in coronary artery bypass grafting (CABG) surgery, compared with total intravenous techniques (TIVA). 13, 15, 16 Nonetheless, a number of studies failed to confirm these findings, and this subject remains highly controversial. 17, 18 Few studies on the effect of anesthetic preconditioning have collected data on long-term survival, [19] [20] [21] and meta-analyses have had contrasting findings.
22-24
Part of the reason for the conflicting data published so far probably was due to the concomitant use of propofol in most trials. There are experimental data about a possible inhibitory action of propofol on the cardioprotective effect of volatile anesthetics. 25, 26 Furthermore, all the findings published to date came from small or middle-sized trials and metaanalyses.
Volatile agents contribute to perioperative organ protection (mostly cardiac protection), reduce the need for inotropic agents, and preserve cardiac function after cardiac surgery. 9, 27 This could improve not only cardiac function but also other organ perfusion, and it could improve recovery from postoperative myocardial stunning in cardiac surgery, resulting in a reduced length of hospital stay (LOS). This has been suggested in previous studies 23 but never confirmed in a large randomized controlled trial (RCT). LOS itself could be considered a composite endpoint of all relevant complications that occur postoperatively. The aim of this study, therefore, was to determine whether the beneficial effects of volatile anesthetics translate into a reduced LOS stay after CABG surgery with cardiopulmonary bypass (CPB).
METHODS
The study was approved by the local ethical committees of the 2 participating hospitals (No. 0512 Ethics Committee of The Negovsky Reanimatology Research Institute, Moscow, Russia and No. 10 Independent Ethics Committee of the Moscow Regional Research and Clinical Institute, Moscow, Russia), and written, informed consent was obtained from all patients. Patients scheduled to undergo elective, isolated, multiple (Z2 grafts) CABG surgery with CPB were included unless there was documented evidence of a recent (o6 months) or ongoing myocardial infarction or if combined surgical procedures (including valve or ascending aorta procedures) or redo-operations were scheduled. Patients with planned off-pump CABG surgery were excluded. A randomization with numbered, sealed, opaque envelope in each center was used to assign patients to 1 of the following 2 groups: propofol-based TIVA group (n ¼ 431) and sevoflurane group (n ¼ 437).
The control group received TIVA throughout the surgery. Propofol, fentanyl, and cisatracurium were used for induction and maintenance of general anesthesia with dosages at the discretion of the attending clinician. The only absolute criterion for this group was that no volatile anesthetic was used at any time during the procedure. Propofol was administered to maintain bispectral index (BIS) values in the range of 40 to 60, and fentanyl was administered to avoid changes of mean arterial pressure (MAP) within 20% from baseline but not less than 65 mmHg.
The induction of general anesthesia in the treatment group was left to the discretion of the attending anesthesiologist and consisted of fentanyl and cisatracurium plus either propofol or sevoflurane. The volatile anesthesia induction was performed with sevoflurane, 5% in 100% oxygen, administered through a facial mask with fresh gas flow of 5 L/min until loss of consciousness (guided by BIS values o65) and then reduced to 2% approximately after 4-to-5 minutes. The anesthesia maintenance in the treatment group consisted of sevoflurane at a minimum end-tidal concentration of at least 1 minimal alveolar concentration throughout the entire procedure, including CPB, and was guided using BIS values between 40 and 60. During CPB, sevoflurane was administered in the oxygenator circuit through a calibrated vaporizer and the minimal alveolar concentration was measured at the outlet of the oxygenator of the extracorporeal circulation. Fentanyl was administered to avoid changes of MAP within 20% from baseline but not less than 65 mmHg.
Beta-blockers and aspirin were continued until the morning of surgery in all patients, and sulfonylurea was stopped and replaced with insulin at the time of hospital admission.
All patients were mechanically ventilated in continuous mandatory volume ventilation mode. Intraoperative continuous monitoring included 5-lead electrocardiography with ST analysis, heart rate, invasive blood pressure, pulse oximetry, body temperature, tidal/minute volume, fraction of inspired oxygen (F I O 2 ), fraction of end-tidal carbon dioxide, inspired/end-tidal sevoflurane concentration, central venous pressure, and BIS in all patients of both groups. Pulmonary artery pressure, wedge pressure and cardiac output were measured in patients with an ejection fraction o50%.
All patients underwent CABG with CPB using Jostra HL20 (Maquet, Rastatt, Germany) and Stroker HLM Cobe (Sorin Group, Milan, Italy) heart-lung machines with a roller pump for nonpulsatile perfusion and membrane oxygenators with a flow rate of 2.4 L/min/m 2 at 321C of central body temperature. Cardioplegia was achieved using Consol (Samson-Med Ltd, St. Petersburg, Russia) or Custodiol (Dr. Franz Köhler Chemie, GmbH, Bensheim, Germany) solutions. Four surgeons were involved in the study period as first operators.
At CPB weaning, dobutamine (starting dose 5 μg/kg/min with increments of 1 μg/kg/min until the desired MAP level was reached) was administered when anesthetic agents were at minimum valid levels as guided by BIS, filling pressures were high, and cardiac index (CI) was o2.0 L/min/m 2 . If the CI remained o2.0 L/m 2 /min with dobutamine (initial doses of 5 μg/kg/min), norepinephrine was added (starting dose of 0.02 μg/kg/min, with increments of 0.02 μg/kg/min until the desired MAP level was reached).
Postoperative low-cardiac-output syndrome (LCOS) was defined as CI o2.2 L/min/m 2 , pulmonary capillary pressure Z16 mmHg, and mixed venous saturation o60%. Diagnosis of LCOS was performed after excluding or correcting temperature anomalies (hypothermia), hypovolemia, cardiac rhythm abnormalities (eg, bradycardia), cardiac tamponade, or myocardial ischemia. In patients experiencing LCOS, dobutamine was started at a dose of 5 μg/kg/min, and if a hemodynamic response was not observed, the dose was increased to 7.5, 10, and finally to 12.5 μg/kg/min at 15-minute intervals. In patients in whom low cardiac output persisted, epinephrine was added as a second inotropic drug at a dose of 0.02 to 0.1 μg/kg/min.
Criteria for extubation were partial pressure of oxygen/ F I O 2 4250, respiratory rate r25, arterial oxygen saturation ¼ 98% to 100% at F I O 2 ¼ 0.4 for 1 hour. Criteria for intensive care unit discharge were spontaneous breathing, hemodynamic stability without inotropic treatment, clear consciousness, and normal renal function. The discharge was decided by doctors not involved in the study.
Hospital discharge criteria were hemodynamic and cardiac rhythm stability, the absence of incision site infection, an afebrile condition, normal bowel movements, and independent ambulation and feeding. Standard discharge medications after CABG were beta-blockers, statins, and low-dose aspirin. The discharge time was managed by surgeons not involved in the trial.
The primary endpoint of the study was LOS. Secondary endpoints included myocardial cell damage quantified by troponin T release 24 hours after surgery; N-terminal pro-brain natriuretic peptide (NT-proBNP) release 24 and 48 hours after surgery; and 7-day, 30-day, and 1-year mortality. Samples were centrifuged and plasma was frozen at 401C before they were centrally analyzed.
Sample-size calculation was based on a 2-sided alpha error of 0.05 and 0.9 power. On the basis of data from their centers, the authors predicted a mean LOS of 15 Ϯ 9 days in the TIVA group and considered a reduction of 2 days in the sevoflurane group as clinically relevant. The authors calculated that 427 patients per group would be needed and planned to randomly select 900 patients to take into account possible protocol deviations. Data between groups were compared using the chi-square, analysis of variance, or Mann-Whitney tests as appropriate; for variables with more than 1 measurement, analysis of variance for repeated measurement was performed. The normality of variables distribution was estimated using the Shapiro-Wilk W test and the Lilliefors test. The distribution was considered as normal at p 40.05. When results of tests were different, the Shapiro-Wilks W test was preferred. No adjustment was made for data or significance level (accepted p o 0.05) for multiplicity of measurement. Differences between the sevoflurane and TIVA groups were assessed using univariate and multivariate regression analysis. For the univariate analysis the cut-off level for significance was set at p o0.05. Multivariate regression analyses were performed for LOS (with a classic linear regression) and for mortality at different follow-up periods (with logistic regression). All regression models were performed using stepwise selection. The preoperative and intraoperative clinical data were entered into the model if they had a univariate p value of o0.2. Treatment group (sevoflurane v TIVA) always was forced into the multivariate model. In the multivariate analyses, clinical factors or potential confounding variables were expressed as odds ratio with a 95% confidence interval for the mortality analyses and as point estimation with a 95% confidence interval for LOS. Data were analyzed using the Stata Statistical Software: Release 13 (StataCorp, College Station, TX).
Data are expressed as means and standard deviation or median and interquartile ranges as appropriate. Statistical significance was set at p o0.05. Data were analyzed according to a modified intention-to-treat analysis (for logistical reasons the redo surgeries were excluded after randomization).
RESULTS
A total of 900 patients were recruited between September 2012 and April 2014 (450 patients were randomly assigned to receive TIVA and 450 to receive sevoflurane). Patients who were discovered after randomization to be redo surgeries (19 TIVA and 13 sevoflurane patients) did not receive the allocated treatment and were excluded from analyses (Fig 1) .
No differences were observed between groups at baseline (before randomization) ( Table 1) . No protocol deviation was reported.
In the TIVA group patients received propofol, 2.2 Ϯ 0.5 mg/kg, and fentanyl, 4 mg/kg, in boluses at induction of anesthesia; a continuous infusion of propofol, 3.7 Ϯ 1.1 mg/ kg/h, and fentanyl, 3 to 4 mg/kg, in boluses before and after CPB; and propofol, 4.5 Ϯ 0.5 mg/kg/h, and fentanyl, 5.7 Ϯ 1.0 mg/kg/h, in boluses during CPB.
In the sevoflurane group, induction of general anesthesia was performed with fentanyl, 1 mg/kg, in boluses with either sevoflurane mask induction in 168 patients or with fentanyl, 4 mg/kg, and propofol, (2.3 Ϯ 0.3 mg/kg), in 269 patients. Anesthesia maintenance was performed in all patients of this group with sevoflurane plus fentanyl, 1.9 Ϯ 1.0 mg/kg/h, in boluses before and after CPB and with fentanyl, 3.5 Ϯ 0.5 mg/ kg/h, in boluses during CPB.
A reduction in LOS in the sevoflurane group compared with the propofol group was found in the overall enrolled population and when analyzing only the patients who survived throughout their hospital stay (Table 2) . A multivariate analysis confirmed that TIVA was the strongest independent predictor of prolonged LOS followed by high NT-proBNP, low ejection fraction, previous myocardial infarction, and high EuroSCORE II (Supplemental Table 1 ). No difference in LOS between the 2 centers was noted (p ¼ 0.15).
Scheduled for CABG surgery n=1428
Randomized to TIVA n=450
Randomized to VolaƟle n=450
Excluded due to redo operaƟon n=19
Excluded due to redo operaƟon n=13
Analysed n=431
Analysed n=437
Excluded due to recent myocardial infarcƟon n=132
Refused consent n=83
Signed the consent n=900
Excluded due to combined operaƟon n=313 Fig 1. Flowchart for treatment groups. CABG, coronary artery bypass grafting; TIVA, total intravenous anesthesia.
SEVOFLURANE VERSUS TIVA FOR CABG
Troponin T at 24 hours was reduced significantly (by approximately 50%) in the sevoflurane group compared with the TIVA group (see Table 2 ). NT-proBNP at 24 and 48 hours was reduced significantly (again by approximately 50%) in the sevoflurane group compared with the TIVA group (see Table 2 ).
Seven-day mortality was 6/437 (1.4%) in the sevoflurane group versus 8/431 (1.9%) in the TIVA group (p ¼ 0.57). Onemonth mortality was 17/437 (3.9%) in the sevoflurane group versus 20/431 (4.6%) in the TIVA group (p ¼ 0.58). One-year mortality was 52/292 (17.8%) in the sevoflurane group versus 81/326 (24.8%) in the TIVA group (p ¼ 0.03). A multivariate analysis confirmed that TIVA was an independent predictor of mortality at 1 year and at 30 days but not at 7 days (Supplemental Tables 2-4) . No difference in mortality between the 2 centers was noted (p ¼ 0.7 at 7 days; p ¼ 0.5 at 30 days; p ¼ 0.12 at 1 year).
The avoidance of propofol (performing the analyses in patients who never received propofol v patients who received propofol at anesthesia induction only or throughout all the anesthesia) was associated with a reduction in cardiac biomarkers and in LOS, with a trend toward reduced mortality (Table 3) .
Addition of propofol for anesthesia induction in patients randomly assigned to sevoflurane anesthesia was associated with higher postoperative troponin T and NT-proBNP release after 24 hours, with a reduction in LOS, and with a trend toward increased mortality (Table 4) .
DISCUSSION
This study confirmed that sevoflurane-based anesthesia for CABG surgery with CPB was, associated with cardiac protection and a reduced LOS. This has been the largest RCT performed so far on this topic (TIVA v halogenated anesthetics in the perioperative period of any surgery), and these findings were in agreement with previously published trials. 12, 16, 28 Interestingly, an important point of this study was the confirmation that the cardioprotective properties of volatile agents might extend outside the perioperative period, with a trend toward a reduction in mortality in patients receiving sevoflurane. Because this was an RCT, the differences in outcomes had to be attributed to the different anesthesia plan. Few other published manuscripts have suggested that volatile agents could have long-term effects. In a way similar to ischemic preconditioning, volatile anesthetics can trigger an acute cardioprotective memory effect that lasts beyond their elimination. This effect lasts not only for the "first" and "second" classical preconditioning windows, but it may affect late cardiac events and outcome. Garcia et al, 29 for example, suggested that late (1 year) cardiac events were higher in patients receiving TIVA compared with those receiving sevoflurane. De Hert et al 20 found no difference in short-term mortality between groups randomly assigned to receive TIVA or sevoflurane, but the 1-year mortality was 12.3% in the TIVA group and 3.3% in the sevoflurane group. Another possibility is that the effect on long-term survival simply is associated with the fact that perioperative cardiac damage (documented by cardiac troponin and NT-proBNP release) consequently affects late cardiac outcomes and mortality.
Other data on survival can be compared only with metaanalyses and, in particular, from a recently published Bayesian network meta-analysis. 23 This analysis found that the use of halogenated agents was associated with a 50% reduction in mortality compared with TIVA at the longest follow-up available.
The data regarding the reduction in postoperative cardiac troponin and NT-proBNP release also are extremely important because these are objective measurements strongly associated with adverse postoperative outcomes. 30 An intriguing finding of the study presented here was that it also confirmed the hypothesis that propofol inhibits the cardioprotective properties of volatile agents and therefore is associated with an increased release of cardiac biomarkers and a trend toward increased postoperative mortality. In fact, the authors noted differences in cardiac biomarker release and trends in clinically relevant outcomes in patients who did or did not receive propofol at anesthesia induction. This was suggested recently in animal studies 25, 26 and could be the reason for conflicting evidence in the field of perioperative cardiac protection in previous trials. A large meta-analysis of RCTs recently showed nonsignificant trends toward an increased mortality in most of the identified subgroups that received propofol. 27 As a consequence, the best anesthesia technique in the authors' setting was a sevoflurane-based anesthesia with sevoflurane mask induction, which allowed for the avoidance of propofol administration. This technique is widely used in children and has been described in adult patients undergoing CABG surgery. 31 Notably, this study was limited to patients undergoing CABG with standard CPB, and patients who had a recent or ongoing myocardial infarction were excluded. In fact, patients undergoing off-pump CABG and those with recent or ongoing myocardial infarction receive fewer or no cardiac protective benefits from volatile agents. This increased the chances of obtaining positive results and, at the same time, reduced the generalizability of these findings.
It should be acknowledged that sevoflurane anesthesia was compared with propofol-based TIVA without strict preconditioning or postconditioning protocols (sevoflurane was administered continuously in the study presented here without regard to the timing of the ischemic insult), and patients who underwent cardiac surgery were elderly and experienced several coexisting diseases that are known to abolish preconditioning and postconditioning phenomena. Nonetheless, volatile agents have organ protective properties that go beyond preconditioning and postconditioning, and even if their effect is not always reproducible in clinical studies as described by recent reviews, 17,18 their effect is promising and, in the opinion of the authors, they either should be used or studied. NOTE. Data are presented as percentages or as median (interquartile range). Abbreviation: NT-proBNP, N-terminal pro-brain natriuretic peptide. * Patients who received propofol were assigned randomly to receive propofol or were assigned randomly to receive sevoflurane but received propofol at anesthesia induction (as allowed by the protocol); patients who received no propofol were assigned randomly to receive sevoflurane and did not receive propofol at anesthesia induction (mask induction with sevoflurane in addition to fentanyl and cisatracurium followed by sevoflurane anesthesia was used). Abbreviation: NT-proBNP, N-terminal pro-brain natriuretic peptide. * Administration of anesthesia was via mask induction with sevoflurane in addition to fentanyl and cisatracurium followed by sevoflurane anesthesia or via sevoflurane anesthesia only.
SEVOFLURANE VERSUS TIVA FOR CABG
In the field of perioperative cardiac protection, volatile anesthetics share some of the mechanisms of action of the remote ischemic preconditioning technique. This is a promising strategy that had initial positive findings on cardiac 32 and renal biomarker reduction, 33 with a network meta-analysis of RCTs suggesting that the effects on survival are additive between volatile agents and the remote ischemic preconditioning technique. 34 Two large, recent, pragmatic multicenter RCT 35, 36 found no cardiac or renal protective effects and no differences in mortality when the remote ischemic preconditioning technique was used in propofol-based cardiac anesthesia. Because the two promising trials 32, 33 did not use propofol in their anesthetic plan, it is reasonable to consider that the differences in these findings were due to the use of propofol. 37 This was in accordance with the findings of the study presented here, in which the use of propofol at anesthesia induction only was sufficient to reduce (but not avoid) the beneficial effects of the volatile anesthetics.
Study Limitations
The study included patients undergoing only CPB and CABG, and the results cannot be extended to other cardiac surgery procedures. Loss to follow-up at 1 year did not allow for definitive conclusions on long-term survival, and unfortunately the study did not include the collection of the following data: the causes of death, date of death (this would have allowed for a Kaplan Meier survival plot), and the need for new hospitalizations or surgeries. The authors also acknowledge that 1-year mortality was extremely high in this cohort of patients. Because the surgical mortality was within international standards, the authors' hypotheses to explain these findings was that patients' adherence to cardiologic medication was extremely poor after hospital discharge and that smoking and alcohol habits likely were resumed very early after cardiac surgery. Nonetheless, this study was the largest one examining this issue to date. The authors also collected few demographic, baseline variables (eg, the numbers of diseased vessels and the magnitude of stenosis severity in each group and baseline and discharge medications), and intraoperative variables (eg, the propofol and fentanyl concentrations, systemic and pulmonary hemodynamics, doses of inotropic drugs) were not measured and recorded.
This was a randomized pragmatic study that compared 2 anesthesia techniques that are performed daily worldwide in real-life practice. The large number of patients randomly assigned to the 2 groups nonetheless was effective in creating 2 balanced groups, as documented by the data presented in Table 1 . Furthermore, the LOS after CABG surgery might appear excessive in both groups of this study, but LOS 410 days was not unusual in published trials 38, 39, 40 and could depend, at least in part, on insurance policies, destination of the patients (rehabilitations v home), local protocols, guidelines, medical skills, and patient comorbidities and behaviors. The authors also acknowledge that standard doses of drugs at anesthesia induction were not used and that the possibility of administering propofol at induction of anesthesia in the volatile anesthetics group was allowed.
CONCLUSION
In conclusion, in the largest RCT performed so far, the cardioprotective properties of sevoflurane in cardiac surgery in terms of cardiac biomarker release and reduced LOS was confirmed. The authors also hypothesized that propofol inhibited these cardioprotective properties in the perioperative period of CABG surgery. A large, multicenter, multinational trial is warranted to confirm that long-term survival is affected significantly by the choice of anesthetic.
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